Lectins of the early secretory pathway are involved in selective transport of newly synthesized glycoproteins from the endoplasmic reticulum (ER) to the ER-Golgi intermediate compartment (ERGIC). The most prominent cycling lectin is the mannose-binding type I membrane protein ERGIC-53 (ERGIC protein of 53 kDa), a marker for the ERGIC, which functions as a cargo receptor to facilitate export of an increasing number of glycoproteins with different characteristics from the ER. Two ERGIC-53-related proteins, VIP36 (vesicular integral membrane protein 36) and a novel ERGIC-53-like protein, ERGL, are also found in the early secretory pathway. ERGL may act as a regulator of ERGIC-53. Studies of ERGIC-53 continue to provide new insights into the organization and dynamics of the early secretory pathway. Analysis of the cycling of ERGIC-53 uncovered a complex interplay of trafficking signals and revealed novel cytoplasmic ER-export motifs that interact with COP-II coat proteins. These motifs are common to type I and polytopic membrane proteins including presenilin 1 and presenilin 2. The results support the notion that protein export from the ER is selective.
specific lectins that cycle between membranes of the early secretory pathway [6, 7] . They show sequence identity with the lectins of leguminous plant [8, 9] .
This chapter focuses on ERGIC-53, a long-living, non-glycosylated type I membrane protein with a large luminal domain and a 12-amino-acid cytoplasmic domain. ERGIC-53 forms disulphide-linked homodimers and homohexamers. It is expressed in all cell types and conserved in Caenorhabditis elegans, Drosophila, Xenopus, rat and humans. The non-essential yeast protein Emp47p is the yeast homologue of ERGIC-53, although it lacks some residues in the putative carbohydrate-recognition domain (CRD) that are critical for the binding of mannose [10] . The contribution of ERGIC-53 to the understanding of secretory pathway organization and of the mechanism of protein transport from the ER, as well as its relationship to VIP36 and a recently discovered ERGIC-53-like protein, ERGL [11] , are discussed in this chapter.
ERGIC-53 and the organization of the early secretory pathway
ERGIC-53 can be visualized, by immunoelectron microscopy, primarily in characteristic tubulovesicular clusters near the Golgi apparatus, but also in the cell periphery [12] [13] [14] [15] . Most clusters are localized near part-rough/partsmooth ER membranes known as transitional elements, which exhibit budding activity [15] , and they accumulate newly synthesized secretory proteins in cells cultured at 15ЊC [16] . Based on these findings, the areas characterized by these ERGIC-53-positive clusters become known as the ERGIC [17] ; thus, ERGIC-53 defines the ERGIC. Subdomains of ERGIC clusters also stain positive for COP-I proteins that form COP-I vesicles implicated in retrograde transport [15] . Because some areas of the clusters also stain positive for COP-II proteins, they are also termed ER-export complexes [14, [18] [19] [20] . Recent analysis of ER to Golgi transport of vesicular stomatitis virus glycoprotein tagged with green fluorescent protein by video-enhanced fluorescence microscopy in living cells has led to the notion that the ERGIC elements are highly dynamic, short-lived transport intermediates that fuse to form the cis-Golgi [21] [22] [23] ; however, studies with green fluorescent protein-ERGIC-53 in living cells provide a different picture. These studies revealed two types of labelled structures, rather longlived larger elements and highly dynamic smaller, vesicular or tubular elements that are often found to depart from the large elements in random directions (H. Ben Tekaya and H.-P. Hauri, unpublished work). The larger elements correspond to the tubulovesicular ERGIC clusters and the dynamic elements to ERGIC-to-ER retrograde tubules seen by immunoelectron microscopy [15] .
By integrating the studies on secretory proteins with those of the recycling protein ERGIC-53, we propose the following model of the organization of the early secretory pathway. Newly synthesized secretory proteins and cycling proteins, such as ERGIC-53, leave the ER at transitional elements and move to nearby ERGIC-clusters by a membrane budding process that is powered by COP-II coats. These clusters are the first way station at which anterograde (to the Golgi apparatus) and retrograde (to the ER) traffic separates. The majority of ERGIC-53 recycles from this point back to the ER by a After synthesis and trimming of the two outermost glucose residues of their N-glycans, many glycoproteins bind to the ER lectins calnexin and/or calreticulin, which recognize monoglucosylated N-glycans. Subsequently the glycoproteins are trimmed by glucosidase II (Glc II) and, if still incompletely folded (indicated in white), reglucosylated by UDP-glucose glycoprotein glucosyltransferase (GT), which redirects them to another cycle of quality control [2] . After prolonged residence time in the ER, ER mannosidase I (ER Man I) removes one mannose residue from the middle branch of the N-glycan. Incompletely folded, and thus reglucosylated, Man 8 glycoproteins are targeted for calnexin-dependent retrotranslocation through the translocation channel (TC) to the cytosol and subsequent degradation by the proteasome. By contrast, correctly folded proteins (marked in black) are no longer recognized by GT after deglucosylation by Glc II and are transport-competent. They may or may not undergo some additional trimming by mannosidase I and II before leaving the ER. Some of these Man 7-9 glycan-bearing proteins (indicated by an asterisk) now bind to the lectin ERGIC-53, which recruits them to COP-II buds and thereby facilitates transport to the ERGIC. Dissociation of ERGIC-53 and its glycoprotein ligand occurs in the ERGIC and free ERGIC-53 recycles to the ER via COP-I vesicles. A minor fraction of ERGIC-53 escapes to cis-Golgi, but is retrieved. In the cis-Golgi, glycoproteins undergo further trimming to Man 5 prior to reglycosylation by Golgi glycosyltransferases and further transport along the secretory pathway. PM, plasma membrane.
COP-I-dependent process; cycling through the Golgi is only a minor route for ERGIC-53. In contrast with present thinking, the clusters are not consumed by this sorting process, but can accept several rounds of traffic from the ER and hence are not just transport containers. Anterograde traffic from the ERGIC involves highly mobile membranes that migrate to the Golgi, and retrograde traffic involves tubular membranes that ultimately fuse with the ER. We view the ERGIC as a scattered membrane compartment in the true sense, rather than a collection of transient transport containers consumed by one round of ERto-Golgi traffic. This model can now be tested in living cells by simultaneous recording of anterograde and retrograde transported marker proteins. ERGIC-53 will be an invaluable tool in such experiments.
Functional dynamics of the lectin ERGIC-53
ERGIC-53 has several hallmarks of a transport receptor for glycoproteins. It binds to immobilized mannose via a CRD that has homology with lectins from leguminous plants, cycles between the ERGIC and ER, and possesses anterograde and retrograde transport signals that interact with COP-II and COP-I coats respectively. Indeed, non-functional ERGIC-53 leads to an impairment of glycoprotein transport from the ER. Interestingly, this defect is limited to a subgroup of glycoproteins including the lysosomal enzymes cathepsin C [24] and cathepsin Z [25] , and the blood coagulation factors V and VIII [26] . Mutations in humans leading to non-functional ERGIC-53 cause a combined deficiency of factors V and VIII [27] . ERGIC-53 is also required for efficient transport of the brush-border membrane protein sucrase isomaltase (SI) (S. Mitrovic and H.-P. Hauri, unpublished work), and in cases of congenital SI deficiency with a block of misfolded SI in the Golgi, ERGIC-53 is also mislocalized to the Golgi [28] , which is presumably due to prolonged interaction with its cargo. SI is the first membrane glycoprotein that has been found to require ERGIC-53 for efficient transport. The basis for selective cargo binding of ERGIC-53 remains to be elucidated. In C. elegans, ERGIC-53 is expressed in all cells, with highest expression in those cells that are secreting actively. Functional inactivation of ERGIC-53 in C. elegans by the RNA interference approach leads to an egg maturation defect and reduced fertility (G. Cassata, F. Kuhn and H.-P. Hauri, unpublished work). This is in accord with the notion that ERGIC-53 is required for the secretion of selective proteins. C. elegans will provide an exciting system with which to dissect the function of ERGIC-53 by genetics.
Cross-linking studies in cell culture [25] suggest that ERGIC-53 operates as illustrated in Figure 1 . ERGIC-53 binds to newly synthesized, correctly folded glycoproteins in the ER in a calcium-dependent process and recruits them to budding COP-II vesicles. Man 9 appears to be the preferred glycan structure for binding. Dissociation of cargo occurs in the ERGIC and does not require mannose trimming by Golgi mannosidases. Dissociation may be mediated by the ionic milieu in the ERGIC that is unknown. Free ERGIC-53 is subsequently recognized by COP-I and recycled back to the ER via COP-I vesicles for a next round of transport.
Trafficking signals of ERGIC-53 and ER export
To uncover signals that are required for protein cycling, we used an extended mutagenesis approach that revealed a complex interplay of ER retention, ER export and ER retrieval motifs. All domains of ERGIC-53 are required for correct targeting. The cytoplasmic domain comprises a C-terminal diphenylalanine ER-export motif and a dilysine ER retrieval signal [6, 29] . The transmembrane domain contributes to both ER retention and ER export, and the luminal domain is required for oligomerization, which is another prerequisite for ER export (O. Nufer and H.-P. Hauri, unpublished work).
Interestingly, the diphenylalanine motif of ERGIC-53 is not strictly conserved during evolution [1] , which suggests that other motifs may also function in ER export. A mutagenesis study of the two C-terminal phenylalanine residues has indeed confirmed this notion [30] . The diphenylalanine motif can be functionally substituted by a single phenylalanine or tyrosine residue at position 2 from the C-terminus, two leucine or isoleucine residues at positions 1 and 2, or a single valine residue at position 1. The valine motif is a transport signal in the true sense since it is transplantable to other reporter proteins, whereas the other motifs are not sufficient for mediating such a transport. However, all the transport motifs mediate COP-II binding in an in vitro assay with different preferences for COP-II subunits. Previous studies have reported a requirement of a C-terminal valine residue for efficient transport of transforming growth factor ␣, the membrane-type metalloproteinase 1 and the plasma membrane protein CD8 [31] [32] [33] , which is in line with our conclusion that a C-terminal valine residue is a transport signal.
A search in non-redundant databases from SwissProt and trEMBL for human type I membrane proteins revealed that the newly found ER export motifs are common (Table 1) ; of the type I proteins, 19% carry such signals. Moreover, candidate amino acids appear more often in functional than in nonfunctional positions; for instance, a phenylalanine residue is found more frequently at position 2 than at position 1. Furthermore, a C-terminal valine residue at position 1 is found more often than would be expected theoretically. Similar results were obtained when analysing mammalian type I membrane proteins.
C-terminal ER-export motifs are also found in polytopic membrane proteins including presenilin 1 and presenilin 2. Various mutations in presenilins lead to early-onset Alzheimer's disease. Replacing the C-terminal amino acids of presenilin 1 or presenilin 2 with alanine results in significantly delayed ERto-Golgi transport (Figure 2) , which indicates that the C-terminal motifs that we have uncovered also contribute to efficient ER export of polytopic membrane proteins.
Our analysis of the diphenylanine motif of ERGIC-53 and its extension to other motifs increases considerably, what is at present, the small repertoire of ER-export motifs (Table 2 ) and strongly supports the notion of selective, signal-mediated protein export from the ER, a process that is mediated by signal-COP-II coat interaction.
ERGIC-53-related proteins: VIP36 and ERGL
One of the reasons why only a subset of glycoproteins requires ERGIC-53 for efficient ER export may be that other mannose lectins exist that facilitate the transport of other glycoproteins. Moreover, some patients suffering from a combined deficiency of coagulation factors V and VIII were found to have normal expression levels of ERGIC-53, which suggests that there may be redundant cargo receptor systems. The ERGIC-53 homologue VIP36 is such a candidate receptor since, like ERGIC-53, it binds mannose-rich oligosaccharides and cycles in the early secretory pathway [7, 34, 35] . No specific cargo has been identified for VIP36 in vivo, although in vitro binding experiments suggest that VIP36 may interact with numerous glycoproteins [34] . There are some notable differences between VIP36 and ERGIC-53: VIP36 lacks the stalk domain of ERGIC-53 as well as the ER dilysine targeting signal (Figure 3) . The absence of the ER targeting signal and the longer transmembrane domain may explain why VIP36 is found to localize more to the Golgi apparatus. Unlike ERGIC-53, its main recycling pathway may therefore involve the Golgi apparatus [7, 35] . We investigated if VIP36 expression is up-regulated in immortalized lymphocytes from patients suffering from a combined deficiency of factors V and VIII. No such up-regulation was found, either at the mRNA or at the protein level (F. Schnüriger and H.P. Hauri, unpublished work); how- Table 1 Frequency of motifs at C-terminus of human type I membrane proteins. Amino acid motifs at position 2 and position 1 from the C-terminus (>) are indicated. Amino acids in square brackets are accepted in this position. Amino acids in braces are not accepted in this position. Data taken from [30] .
Transport motif* Number of hits (%) † ever, more studies are needed to establish whether or not ERGIC-53 and VIP36 are functionally redundant, complementary or entirely unrelated. A second ERGIC-53-like gene, ERGL, has been discovered [11] ; its mRNA is highly expressed in normal and neoplastic prostate tissue, as well as in the spleen, salivary glands, cardiac atrium and selective cells of the central nervous system. The conceptually translated ERGL shows considerable sequence identity with ERGIC-53 in the N-terminal half and in a more C-terminal segment that includes the transmembrane domain, while the stalk and the cytoplasmic domain are rather different (Figure 3) . However, the stalks of both proteins are predicted to adopt an ␣-helical structure with a coiled-coil domain. Amino acid sequences of cytoplasmic tails of (A) presenilin 1 (PS1) and (B) presenilin 2 (PS2) fused to a CD4 reporter [30] are shown in single letter codes. Underlined residues were substituted with alanine residues in mutant tails. The acquisition of endo H resistance of constructs in pulse/chase experiments is shown. The points represent the means of at least three independent experiments (error bars represent ϮS.E.M.). Values obtained after 60 min chase were set to 100%. WT, wild-type tails; MT, mutant tails. Another notable difference is the lack of conservation in ERGL of the residues corresponding to Asp 121 and Asn 156 in ERGIC-53. These residues are conserved in plant lectins, VIP36 and ERGIC-53, and are required for mannose binding [8, 9] . We have expressed tagged ERGL cDNA in cell culture (L. Liang, I. Pastan and H.-P. Hauri, unpublished work); surprisingly, ERGL was found to be restricted to the ER. It hetero-oligomerizes with ERGIC-53 and blocks its recycling when over-expressed. ERGL may therefore be a regulator of ERGIC-53, but experiments with the untagged protein are required to test this notion.
Conclusion and perspectives
The lectin ERGIC-53 has provided novel information on numerous aspects of the secretory pathway, including the organization of the ER/Golgi system, traffic routes and the mechanism of bidirectional protein trafficking from and to the ER. Despite considerable progress numerous important questions remain unanswered. Do all glycoproteins require assistance by cargo receptor lectins for efficient export from the ER? If they do, additional lectins must exist that are unrelated to ERGIC-53 since the ERGIC-53 lectin family comprises only the three members discussed above. A proteomic approach applied to purified ERGIC membranes may reveal such proteins, since they can be expected to be rather abundant. What is the original function of ERGIC-53 in multicellular organisms? Genetic studies in C. elegans can be expected to provide novel insights. What is the precise mechanism by which ERGIC-53 bind and releases its cargo and what determines cargo selectivity? What are the functions of VIP36 and ERGL? Future studies on ERGIC-53 and its homologues may provide further information on the mechanism of selective protein transport in health and in genetic diseases in which exit of key molecules from the early secretory pathway is impaired.
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